Transport of lung liquid is essential for both normal pulmonary physiologic processes and for resolution of pathologic processes. The large internal surface area of the lung is lined by alveolar epithelial type I (TI) and type II (TII) cells; TI cells line >95% of this surface, TII cells <5%. Fluid transport is regulated by ion transport, with water movement following passively. Current concepts are that TII cells are the main sites of ion transport in the lung. TI cells have been thought to provide only passive barrier, rather than active, functions. Because TI cells line most of the internal surface area of the lung, we hypothesized that TI cells could be important in the regulation of lung liquid homeostasis. We measured both Na ؉ and K ؉ (Rb ؉ ) transport in TI cells isolated from adult rat lungs and compared the results to those of concomitant experiments with isolated TII cells. TI cells take up Na ؉ in an amiloride-inhibitable fashion, suggesting the presence of Na ؉ channels; TI cell Na ؉ uptake, per microgram of protein, is Ϸ2.5 times that of TII cells. Rb ؉ uptake in TI cells was Ϸ3 times that in TII cells and was inhibited by 10 ؊4 M ouabain, the latter observation suggesting that TI cells exhibit Na ؉ -, K ؉ -ATPase activity. By immunocytochemical methods, TI cells contain all three subunits (␣, ␤, and ␥) of the epithelial sodium channel ENaC and two subunits of Na ؉ -, K ؉ -ATPase. By Western blot analysis, TI cells contain Ϸ3 times the amount of ␣ENaC͞g protein of TII cells. Taken together, these studies demonstrate that TI cells not only contain molecular machinery necessary for active ion transport, but also transport ions. These results modify some basic concepts about lung liquid transport, suggesting that TI cells may contribute significantly in maintaining alveolar fluid balance and in resolving airspace edema.
H
ow the lung establishes and maintains homeostasis of airspace fluid is of major clinical importance. At birth, the respiratory epithelium must rapidly resorb large amounts of fluid as the fetal lung converts from fluid secretion to fluid reabsorption to survive in an air environment. After birth, establishment and maintenance of an appropriate thin fluid subphase in the alveoli is essential for gas exchange. Mass transfer of gases between the air and blood compartments in the alveoli is rapid because both the cellular anatomic barrier and the liquid alveolar lining layer are very thin and the alveolar surface area is large. Pulmonary edema, an abnormal accumulation of fluid in the air spaces that impairs gas exchange, may occur in a variety of different pathologic states, including cardiac failure, trauma, sepsis, and pneumonia. This disturbance of normal lung fluid balance can impair gas exchange and lead to morbidity and mortality. Precise regulation of lung fluid balance is therefore crucial for gas exchange, and, ultimately, for survival.
Fluid balance is driven by osmotic gradients created by active solute transport (1) . It is thought that the alveolar epithelium maintains the airspace relatively free of liquid via active transport of solutes (2) , with Na ϩ influx occurring via movement through apical epithelial Na ϩ channels in response to an electrochemical gradient created by basolateral Na ϩ -, K ϩ -ATPase. The resulting osmotic gradient leads to fluid reabsorption from the alveolar space (reviewed in refs. 3 and 4) .
The surface area available for gas exchange and fluid reabsorption in the lung is large, Ϸ100 to 150 m 2 in human lung (5) . The alveolar epithelium, comprised of alveolar type I (TI) and type II (TII) cells, lines more than 99% of the internal surface area (6) . TII cells, which cover 2-5% of the surface area, produce, secrete, and recycle pulmonary surfactant (reviewed in ref. 7) . TII cells, which contain both Na ϩ -, K ϩ -ATPase (8) and amiloride-sensitive epithelial Na ϩ channels (ENaC; refs. 9-11), actively transport Na ϩ in culture (12, 13) . Very little is known about TI cells because this cell type is difficult to isolate. Current concepts about TI cells are that they are ''inert'' cells that provide solely a barrier function, rather than having active functions. A recent histology textbook refers to TI cells as alveolar lining cells, whose ''main role . . . is to provide a barrier of minimal thickness that is readily permeable to gases'' (14) .
TI cells are large squamous cells whose thin cytoplasmic extensions (15) cover Ͼ95% of the internal surface area of the lung (6) . TI cells contain aquaporins (water channels; ref. 16) and exhibit the highest osmotic water permeability of any mammalian cell type (17) . There is conflicting evidence about whether TI cells contain ENaC or Na ϩ -, K ϩ -ATPase (8, 18) . The perceived lack of molecular machinery for active Na ϩ transport in TI cells has been used to argue against the possibility that TI cells participate in ion transport. The currently accepted hypothesis is that TII cells maintain lung fluid homeostasis by regulating active Na ϩ transport in the lungs, whereas TI cells merely provide a route for passive water absorption (reviewed in ref. 4) . However, because TI cells line more than 95% of lung surface area, an attractive hypothesis is that this cell type contributes to active Na ϩ transport across the alveolar epithelium. In the experiments reported in this communication, we present data that rat freshly isolated TI cells take up Na Abbreviations: TI, alveolar epithelial type I cell; TII, alveolar epithelial type II cell; ENaC, epithelial Na ϩ channel.
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Methods
Cell Isolation. Type I cells. TI cells were isolated from the lungs of male Sprague-Dawley rats (250 g) by enzymatic digestion, followed by both negative and positive immunoselection with magnetic beads, as described previously (17) . To determine the types of cells in the preparations, cytocentrifuged preparations of isolated cells were stained with two monoclonal antibodies recognizing integral membrane proteins specific within the lung to TI cells (RTI40; ref. 19) Rb uptake was expressed as pmol Rb
Immunocytochemistry. ENaC. Immunocytochemistry was performed on both cytocentrifuged preparations of mixed lung cells and 2-m cryostat sections of adult rat lung. To obtain the mixed lung cell preparations, 1 mg͞ml elastase in 40 ml RPMI 1640 was instilled via the trachea for 20 min, the lungs were minced to 1-mm 3 tissue pieces, and the cell suspension was filtered. Cytocentrifuged preparations of mixed lung cells were prepared immediately from the lung cell suspension and fixed in 4% paraformaldehyde at 4°for 24 h. Cytocentrifuged preparations and sections of lung were processed identically for immunocytochemistry. Antigen retrieval was performed (26) before blocking for 1 h in 10% normal goat serum in buffer A, composed of PBS͞0.1% BSA͞0.3% Triton X-100. Slides were washed three times with buffer A and stained sequentially with three different primary antibodies to colocalize ENaC to specific alveolar epithelial cell types: (i) antibody against an ENaC subunit, (ii) RTI40 (marker for TI cells), and (iii) RTII70 (marker for TII cells). The ENaC antibodies, polyclonal rabbit antibodies against peptides specific to the ␣-, ␤-, or ␥-subunits of ENaC, have been previously characterized (27) . Slides were washed three times with buffer A between each antibody; secondary antibodies were diluted in buffer A. Order of antibody staining was as follows: (i) rabbit anti-ENaC; (ii) goat anti-rabbit IgG:biotin (Zymed), 1:200; (iii) streptavidin-Alexa 680 (blue), 1:1000; (iv) mouse monoclonal IgG1 anti-RTI40; (v) goat anti-mouse IgG1-Alexa 594 (red), 1:1000; (vi) mouse monoclonal IgG3 anti-RTII70; and (vii) goat anti-mouse IgG3-Alexa 488 (green), 1:1000. Samples were scanned with a Leica TCS-SP2 scanning spectral confocal microscope by using each laser singly and sequentially so that emission data for each fluorophore was collected individually. With this methodology, there was no spectral ''spill'' among the channels. Maximum intensity extended focus images were obtained by using Imaris software (Bitplane AG, Zurich, Switzerland). The three separate emission patterns were superimposed by using IMARIS software to create a composite image of the three separate scans.
Immunocytochemical studies were performed by using commercially available rabbit polyclonal antibodies to two subunits of Na
Biotechnology, Lake Placid, NY). The protocol for immunostaining with these two antibodies was identical to that for the ENaC subunits.
Western Blot Analysis. Cell pellets were freeze-thawed five times. Two hundred microliters of 20 g͞ml DNase in 50 mM Tris (pH 8.0) was added to the cell pellets, and the suspension was placed on ice for 30 min. The cell suspensions were dounce homogenized and triturated through a 26-gauge needle before adding loading buffer and heating the samples at 60°C for 15 min. Protein bands were resolved on a 10% NuPage Bis-Tris ([bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane) gel (Invitro- Fig. 1 . Uptake of Na ϩ by TI and TII cells in vitro. Na ϩ uptake was performed as described in Methods. Data are expressed as mean Ϯ SE, n ϭ 4 for TI cells and n ϭ 6 for TII cells. Na ϩ uptake in both TI and TII cells was significantly inhibited by amiloride (29% in TI with P Ͻ 0.001; 28% in TII with P Ͻ 0.03). Na ϩ uptake in TI cells per microgram of protein was greater than that in TII cells (P Ͻ 0.01). 
Results
Freshly Isolated Alveolar TI Cells Exhibit Amiloride-Inhibitable Na ؉ Uptake. At 10 min, Na ϩ uptake was 300 Ϯ 32 pmol͞g protein (mean Ϯ SE, n ϭ 4; Fig. 1 ). Amiloride (10 Ϫ4 M) inhibited 22 Na uptake by an average of 29% (P Ͻ 0.01, paired t test). Results from 22 Na uptake in freshly isolated TII cells with and without amiloride (10 Ϫ4 M) at 10 min are shown for comparison. At 10 min, Na ϩ uptake in TII cells was 118 Ϯ 7 pmol͞g protein (mean Ϯ SE, n ϭ 6). Amiloride (10 Ϫ4 M) inhibited 22 Na uptake in TII cells by an average of 28% (P Ͻ 0.05, paired t test) in these experiments. Previous reports of 22 Na uptake in freshly isolated TII cells (24, 28) have used cells from rabbits, which have a higher amiloride-inhibitable fraction of Na ϩ transport in intact lung (29) than do rats (30, 31) . Nevertheless, our results with rat TII cells in these studies are similar to these reports. 22 Na uptake per microgram of protein in freshly isolated TI cells was Ϸ2.5 times that in TII cells (P Ͻ 0.001). Alveolar macrophages did not show amiloride-sensitive 22 Na uptake (data not shown, n ϭ 2).
TI Cells Contain All Three Subunits of ENaC.
From the amiloridesensitive pattern of Na ϩ uptake, we inferred that there was an amiloride-sensitive Na ϩ channel present in TI cells. ENaC is the prototypical epithelial Na ϩ channel (32) . Immunocytochemical studies were performed with both cytocentrifuged mixed lung cell preparations (Fig. 2 ) and lung tissue (Fig. 3) , by using antibodies specific to ENaC peptides and confocal scanning laser microscopy. We used preparations of mixed lung cells so that TI and TII cells subjected to identical experimental manipulation could be seen in the same image. Fig. 2 shows a preparation of isolated mixed lung cells, demonstrating localization of each ENaC subunit (top three rows) in both TI and TII cells, which are easily identifiable by cell-specific antibody staining. For details, see Fig. 2 legend. Fig. 3 shows colocalization of ␣ENaC and TI cells in situ. We obtained similar results in situ with ␤ENaC and ␥ENaC (results not shown).
Western blotting of ␣ENaC was performed according to the manufacturer's instructions for NuPage gels, after electrophoresis of proteins in a 10% Bis-Tris polyacrylamide gel. In the manufacturer's protocol, proteins are reduced with 1M DTT at 60°C for 15 min. Under these conditions, members of the ENaC͞degenerin superfamily are not totally reduced and can still be detected as oligomers, mostly dimers (33) . Accordingly, ␣ENaC in TI cells and TII cells has a major band with an apparent molecular weight of Ϸ150,000-200,000. By PhosphorImager (Molecular Dynamics) analysis, there was Ϸ3 times the amount of ␣ENaC per microgram of protein in TI cells than there was in TII cells (Fig. 4) . (24), was 82 Ϯ 0.4 pmol͞g protein (mean Ϯ SE, n ϭ 2 for each cell type). In the presence of 10 Ϫ4 M ouabain, uptake was inhibited by an stained with three antibodies and three different fluorophores specific for each antibody. The colors shown in each column are the result of scanning with the appropriate laser for each fluorophore. In the various columns, one can appreciate staining for (a) antibodies against various channel or pump proteins (blue color); (b) RTI40, a marker for TI cells (red color); and (c) RTII70, a marker for TII cells (green color). Column d shows a composite image, created by superimposition of the three separate images shown in columns a, b, and c. Arrows indicate one representative TI cell, one TII cell, and a cell that is neither a TI nor a TII cell. Every TI and TII cell expressed all of the pump͞channel proteins. This fact can be appreciated most easily when one looks in column d at the spectral shifts caused by overlapping red (TI) or green (TII) markers with the blue (pump͞channel) protein. In this composite image, colocalization of a transport protein subunit (ENaC or Na ϩ -, K ϩ -ATPase) with either TI or TII cell plasma membrane causes a color shift, indicating colocalization of the protein subunit with TI or TII plasma membranes. For example, combination of blue (subunit) with red (TI) is pinkish purple, whereas a combination of blue (subunit) with green (TII) is bluish green. Specific antibodies are labeled in rows 1-5: row 1, ␣ENaC; row 2, ␤ENaC; row 3, ␥ENaC; row 4, ␣1-Na ϩ -, K ϩ -ATPase; row 5, ␤1-Na ϩ -, K ϩ -ATPase; row 6, Cos7 cells stained for ␣ENaC; and row 7, no primary antibody control panel with mixed lung cells.
TI Cells Exhibit Na
average of 85% (P Ͻ 0.02). Ouabain inhibited 86 Rb uptake in TII cells by an average of 64% (Fig. 5) . TI cells exhibited Ϸ3 times the 86 Rb uptake per microgram of protein of that found in TII cells (P ϭ 0.01). 
Discussion
Transport of lung liquid is essential for both normal pulmonary physiologic processes (maintenance of an appropriate liquid alveolar subphase, the transition from an intrauterine to air environment at birth) and for resolution of pathologic processes, such as pulmonary edema. The large internal surface area of the lung is comprised of two types of alveolar epithelial cells, TI and TII cells; TI cells line Ͼ95% of this surface, TII cells Ͻ5%. Fluid transport is believed to be regulated by ion transport, with water movement occurring passively. In this paradigm, Na Because TI cells line the majority of the internal surface area of the lung, we hypothesized that this cell type could be important in the regulation of lung liquid homeostasis. By using the method we previously developed to isolate TI cells for the measurement of osmotic water permeability (17), we have measured both Na We used techniques of both negative and positive immunoselection to produce preparations of either TI cells with a minimal number of TII cells or TII cells with a minimal number of TI cells. The preparations of TI cells used in these experiments contained 70-80% TI cells; the remainder of the cells in the preparations were mostly macrophages, lymphocytes, and TII cells (Ͻ2%). We found no amiloride-inhibitable uptake in macrophages over time (results not shown), suggesting that Na ϩ uptake in our cell preparations did not result from macrophage contamination.
TI cells take up Na ϩ in an amiloride-inhibitable (Ϸ29%) fashion. Na ϩ uptake per microgram of protein in TI cells is Ϸ2.5 times that of TII cells (Fig. 1) . Amiloride-inhibition of transport suggests the presence of an amiloride-sensitive Na ϩ channel. ENaC, the prototypical amiloride-sensitive epithelial Na ϩ channel, is comprised of three subunits: ␣, ␤, and ␥. Of these, ␣ENaC is functionally the most important. Na ϩ transport can be induced in Xenopus oocytes by injection of ␣ENaC mRNA alone (37, 38) , and null mutants of ␣ENaC in mice, in contrast to null mutants of the two other subunits, are lethal, in part because of defective neonatal lung liquid clearance (39) (40) (41) (42) . By immunocytochemistry, TI cells contain all three subunits of ENaC (Fig. 2) . By semiquantitative Western blotting (Fig. 4) , TI cells contain Ϸ3 times ␣ENaC per microgram of protein of that found in TII cells. Previous studies of ENaC distribution in the lung have reported conflicting results regarding localization of the various subunits to alveoli and, within alveoli, to specific alveolar cells. By using radioisotopic in situ hybridization or immunocytochemistry, investigators have concluded variously that there is no expression of any subunit in alveoli (18) , that there is selective expression of only ␣ENaC (43), of both ␣ENaC and ␥ENaC (9), or of all three subunits (44) . Although Watanabe et al. (44) concluded that ␣ENaC was expressed in TII cells, the relatively low spatial resolution of the methodology does not permit definitive cellular localization from these data. In an abstract, Borok et al.** reported that isolated TI cells contain ␣ENaC.
We were able to establish specific alveolar epithelial cellular localization of ENaC subunits by combining techniques of antigen retrieval and confocal laser scanning microscopy with use of peptide-specific antibodies against each ENaC subunit and antibodies against integral membrane proteins specific within the lung to TI or TII cells. Our results with isolated cells (Fig. 2) , clearly demonstrate that both TI and TII cells contain all three ENaC subunits. All of the TI cells and the TII cells expressed each ENaC subunit. Although it seems unlikely that expression of these proteins could be induced solely by the 30-min period of cell isolation, we also examined lung tissue in situ to address this possibility. Fig. 3 shows the colocalization of ␣ENaC with a marker for TI cell apical plasma membranes. We obtained similar results with ␤ENaC and ␥ENaC (results not shown), demonstrating that in situ TI cells contain all three subunits of ENaC. Na (45) found that TII cells cultured on plastic, which lose phenotypic characteristics of TII cells and acquire some phenotypic characteristics of TI cells, express ␣ 1 -, ␣ 2 -, and ␤ 1 -subunits. In the current series of experiments, we found that Rb ϩ uptake in isolated TI cells was inhibited Ϸ85% by ouabain (Fig. 5) . These data support the concept that TI cells have functional Na ϩ -, K ϩ -ATPase. By immunocytochemical methods, both TI and TII cells contain the ␣ 1 -and ␤ 1 -subunits of Na ϩ -, K ϩ -ATPase (Fig. 2) . Taken together, these studies demonstrate that TI cells not only contain molecular machinery necessary for active ion transport, but also transport ions. Quantitatively, isolated TI cells contain more ␣ENaC and transport more Na ϩ and Rb ϩ per microgram of protein than do isolated TII cells. However, the interpretation of quantitative comparisons between TI and TII cells in these studies and the extrapolation of these data to cellular functions in vivo must be made with caution. Isolated TI and TII cells have been subjected to treatment with enzymes, have lost polarized distribution of plasma membrane proteins, and probably have different surface area to protein ratios. Although the quantitative results obtained from experiments with isolated cells may not precisely reflect relative cellular functions in vivo, the data obtained with isolated cells support the concept that TI cells are important in lung liquid transport. By extension from these data, TI cells are likely to play an active, rather than a passive, role in mediating lung liquid homeostasis. These findings in part explain why, when TI cells are damaged in acute lung injury, alveolar flooding occurs and also why the ability to clear lung liquid may correlate with survival (46). In conclusion, our studies provide evidence supporting the hypothesis that active Na ϩ transport by TI cells is an important factor in the maintenance of alveolar fluid balance and in the resolution of pulmonary edema.
